There is a growing need for the economical dewatering of highspecific-surface-area fuels containing large amounts of water, such as coal and sewage sludge. The principle underlying conventional dewatering methods is evaporation of the water content by heating the fuels to a high temperature, but this approach consumes a considerable amount of energy. The Central Research Institute of the Electric Power Industry (CRIEPI) has developed a method for the extraction of this water through the use of dimethyl ether (DME), which liquefies at ordinary temperatures under the influence of a slight pressure. In this method, the water content in the fuel is extracted into the liquefied DME for separation from the fuel. After dewatering, the DME is depressurised, and subsequently vaporised, thereby leaving the separated water. Dewatering with an input energy of only 1109 kJ/kg water under ordinary conditions has been demonstrated theoretically.
INTRODUCTION
In the light of the global warming problem, the use of sewage sludge, a constantly generated microbially-fabricated colloidal waste, has recently been explored as a "non-food-derived biomass fuel". Approximately a quarter of Japan's gross energy generation is provided by coal-fired power plants. Coal is largely a porous material and provides a resource that exceeds both petroleum and natural gas in terms of reserves. However, it needs to be used efficiently for many years to come in order to augment Japan's energy security. In this regard, it is important to render coal of inferior quality and high water content -such as brown coal and sub-bituminous coal -usable for power generation.
CRIEPI has developed a revolutionary dewatering method using "liquefied DME". This new method is capable of efficiently extracting the water (dewatering) from "high specific-surface-area materials" at ordinary temperatures, increasing the calorific value per weight and rendering these substances easier to use. The new dewatering technology was awarded the Vice-Grand Prize, Advanced Technology Award in Japan (2008), established by Ken-ichi Fukui who is a Nobel Laureate in Chemistry (1981) .
WHAT IS DME?
DME is a synthetic material produced from natural gas, coal-bed gas, coal, biomass and similar substances. DME has attracted attention as a next-generation fuel in place of LPG because it is harmless and naturally decomposable, contains very small amounts of metal, nitrogen, sulphur, halogen and other substances of concern, and is combustible. In China, the number of large-scale plants manufacturing DME from coal is rapidly increasing. As a consequence, massive quantities of low-priced DME are expected to flow into the market. Although this DME exists in a gaseous form at ordinary temperatures and pressure, it liquefies under pressures of 0.5-0.7 MPa, even at ordinary temperatures. Liquefied DME demonstrates the outstanding capability of absorbing water. It is also readily mixed with water and easy to compress.
PRINCIPLE OF DME DEWATERING TECHNOLOGY
When a solid substance with a high moisture content (high-water-content substance) is mixed with liquefied DME, the moisture within the solid is drawn out through its pores and absorbed by the DME. The solid can be separated from the moisture-containing DME and the water evaporated from the latter even at ordinary temperatures by slightly reducing the pressure. The resulting evaporated DME can be liquefied under pressure and re-used for dewatering (see Figure 1 ). Another advantage of this method, which can be operated at ordinary temperatures at all stages, is a significant reduction in the amount of energy required for dewatering relative to that employed in conventional methods that involve vaporising the water content and drying using a high amount of thermal energy provided by an external source. Theoretical estimates reveal that the amount of energy required by DME for dewatering 1 kg water is ca. 1109 kJ (Kanda et al. 2008) , almost one-half that required by conventional heating methods (ca. 2100 kJ) (Anderson et al. 1991; Couch 1990; Deguchi et al. 1996; Iwai et al. 1998; Okuma et al. 1986 Okuma et al. , 1989a Shigehisa et al. 2000; Simmons 1986; Terunuma et al. 1986; U.S. DOE 1996 U.S. DOE , 2000 Yanagi et al. 1994; Yosumuro et al. 1999) .
The saturation vapour pressure for DME gas at the compressor input is 0.59 MPa at 25 º C. Taking account of the pressure loss when the gas is drawn into the compressor, the DME gas pressure at the compressor input was set at 0.51 MPa. This was an essential component of our trial calculations. Assuming that DME behaves as an ideal gas with an adiabatic compression 346 H. Kanda/Adsorption Science & Technology Vol. 26 No. 5 2008 Liquid DME Wet material Extraction (Fe 8 wt% at 35˚C) Dewatered material ii iv Water in a porous material is extracted using DME, and a mixture of DME and water is formed. i Water concentration increases to the saturation level, and the porous material is dried. ii DME in the mixture is vaporized by decompression. DME and water are easily separated by flash distillation because of the large difference in their boiling points.
iii DME vapour is condensed by compression and cooling. Latent heat of DME is re-used to vaporize it in a heat exchanger. efficiency of 0.8, the required power for the compressor is calculated as 1029 kJ/kg water, with a primary energy rate close to 0.35 obtained for the compressor. On the basis of these calculations, we conducted a trial experiment in which ca. 8 g of Loy Yang brown coal (water content = 53%) was exposed to liquefied DME at the rate of 10 mᐉ/min at 25 º C. At a liquefied DME flow volume that was twice the magnitude required for the saturated dissolution of the moisture present in Loy Yang brown coal, the coal was dewatered to 4% moisture content. Reducing this DME flow resulted in Loy Yang brown coal being dewatered to ca. 10%, whilst also inhibiting spontaneous combustion (Kanda and Shirai 2002) .
APPLICATION OF DME DEWATERING METHOD TO SEWAGE SLUDGE
In order to make the optimum use of this DME dewatering method in everyday life, CRIEPIin cooperation with a sewage-treatment-plant manufacturer -started considering its application to sewage sludge via a small-scale prototype system (10 ᐉ/batch) installed in CRIEPI's Yokosuka region (Figure 2 ). This was expected to serve a wide range of purposes. In the experiments, 150 ᐉ of liquefied DME was fed to 3.2 kg of sewage sludge (water content = 78%) for 90 min; as a result, the water content was reduced to 30%. These experiments also revealed that the dried sludge became grey in colour due to the removal of its oil content. In contrast, the collected moisture-containing DME was cloudy and malodorous. As a consequence, the properties of the initial sewage sludge and the extracted water were analysed, when it was found that the water became cloudy and malodorous because of the transfer of the oil content from the sludge. This fact indicates that the use of this method allows the separation of malodorous components from sewage sludge. Normally, in order to use the dewatered solid as a fuel, it must be extracted from a sewage treatment plant; however, its foul odour makes this task difficult. This problem can be easily resolved if the dewatered sludge is rendered odourless by removing most of the malodorous components from it.
It was verified experimentally that a further effective approach was feasible in the treatment of the moisture-containing DME to which the malodorous components were transferred from the sludge. Since only DME is evaporated from the moisture-containing DME, the water content can no longer be dissolved in the DME and be separated. However, malodorous components and oil tend to dissolve in DME more readily than in water. If the DME and water are separated from each other, the malodorous components remain in the DME, making subsequent water treatment very easy. It should also be noted that DME -a combustible fuel -may require no special treatment if the DME-containing malodorous components are finally burnt as a fuel, since the malodorous components will be thermally decomposed by combustion. Additionally, in view of its future system configuration, this technology, characterised by the principle of "liquefaction and evaporation of DME at ordinary temperatures", is expected to render the external supply of energy for the liquefaction and evaporation of DME unnecessary, particularly in midsummer and midwinter if "sewage", which exists at an almost constant temperature throughout the year, is used positively and the temperature difference between this "sewage" and the air is applied to the system in an appropriate manner. Specifically, it may be feasible to establish an energysaving system that utilises the minimum energy for compression and ensures outstanding efficiency.
CONCLUSIONS
CRIEPI originally developed this method for the dewatering of high-water-content coal that had not been used frequently for power generation. However, since coal-fired power plants consume massive quantities of coal, if the application of the DME dewatering method is to be practical for coal, it must be scaled up to dewater several million tonnes of coal per year. This requires time and must be introduced gradually. CRIEPI is endeavouring to bring this method into active use, using sewage sludge as the first step, and simultaneously further improving the method and upgrading the system so that it will be applicable to coal and other high-water-content substances.
